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Differential effects of treadmill running and wheel running
on spatial or aversive learning and memory: roles of
amygdalar brain-derived neurotrophic factor
and synaptotagmin I
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Chronic exercise has been reported to improve cognitive function. However, whether and how
different types of exercise affect various learning and memory tasks remain uncertain. To
address this issue, male BALB/c mice were trained for 4 weeks under two different exercise
protocols: moderate treadmill running or voluntary wheel running. After exercise training, their
spatial memory and aversive memory were evaluated by a Morris water maze and by one-trial
passive avoidance (PA), respectively. Levels of neural plasticity-related proteins, i.e. brain-derived
neurotrophic factor (BDNF), tropomyosin-related kinase B (TrkB) and synaptotagmin I (Syt I),
in hippocampus and amygdala were determined by ELISA or immunoblotting. Finally, the
functional roles of these proteins in the basolateral amygdala were verified by locally blocking
them with K252a (a TrkB kinase inhibitor), or lentivirus expressing Syt I shRNA. We found
that (1) although both moderate treadmill running and wheel running improved the Morris
water maze performance, only the former improved PA performance; (2) likewise, both exercise
protocols upregulated the BDNF–TrkB pathway and Syt I in the hippocampus, whereas only
treadmill exercise upregulated their expression levels in the amygdala; (3) local injection of K252a
abolished the treadmill exercise-facilitated PA performance and upregulation of amygdalar TrkB
and Syt I; and (4) local administration of Syt I shRNA abolished the treadmill exercise-facilitated
PA performance and upregulation of amygdalar Syt I. Therefore, our results support the notion
that different forms of exercise induce neuroplasticity changes in different brain regions, and
thus exert diverse effects on various forms of learning and memory.
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Physical activity has beneficial effects on cognitive
function (for reviews see Vaynman & Gomez-Pinilla,
2006; Cotman et al. 2007). Although forced running and
voluntary running are the two most commonly used
chronic exercise protocols in rodent models, whether
and how they exert differential effects on the brain
function are often controversial. Studies using both
exercise protocols show that they have different effects
on anxiety-like behaviours (Dishman, 1997; Burghardt
et al. 2004; Leasure & Jones, 2008), neurogenesis (Leasure
& Jones, 2008), hippocampal brain-derived neurotrophic
factor (BDNF) and synapsin-1 expression (Ploughman
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et al. 2005), monoamine neurotransmitters (Dishman,
1997), and neuroprotection in stroke (Hayes et al. 2008).
In contrast, either treadmill exercise or wheel running
improves hippocampus-dependent spatial learning and
memory (van Praag et al. 1999; Ang et al. 2006; Huang
et al. 2006). Recent reports indicate that treadmill exercise
improves aversive memory (Alaei et al. 2006; Chen et al.
2008; Liu et al. 2008). Whether voluntary wheel running
affects aversive memory remains to be clarified, as it
only improves contextual fear conditioning, but not
auditory-cued fear conditioning (Baruch et al. 2004).

Microarray studies have demonstrated that voluntary
wheel running increases the hippocampal expression of
BDNF and other genes involved with synaptic trafficking,
such as synaptotagmin (Syt) (Tong et al. 2001; Molteni
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et al. 2002). We and others have reported recently that
treadmill running increased the hippocampal protein
levels of BDNF, tropomyosin-related kinase B (TrkB) and
Syt I (Soya et al. 2007b; Liu et al. 2008). Previous studies
have shown that over-expression of TrkB, the receptor of
BDNF, facilitates learning and memory (Koponen et al.
2004), whereas inhibition or downregulation of BDNF
or TrkB impairs memory formation (Ma et al. 1998; Mu
et al. 1999; Minichiello et al. 1999; Rattiner et al. 2004).
In addition, knockout of mouse Syt, a Ca2+-dependent
synaptic vesicle fusion protein, results in impairments
in contextual fear conditioning and associative passive
avoidance memory (Ferguson et al. 2000, 2004). Since
these molecules are very important for cognitive function,
they are good candidates for mediating the exercise effects
on different types of learning and memory.

Previously, we have demonstrated that hippocampal
protein levels of Syt and TrkB were positively correlated
with passive avoidance (PA) testing latencies (Liu et al.
2008). As the amygdala represents the primary brain
region associated with the emotion of fear, and the
basolateral amygdala (BLA), in particular, modulates fear
memory consolidation (Davis, 1992; McGaugh et al.
2002), it is essential to unravel whether different exercise
regimens differentially alter the expression of these
proteins in the amygdala, and to verify their roles in the
differential effects of various exercise protocols on aversive
memory. This study was aimed to answer these questions,
and our results showed that moderate treadmill exercise,
but not voluntary wheel running, facilitated aversive
memory, at least in part, by upregulating the BDNF–TrkB
pathway and Syt I expression in the amygdala.

Methods

Animals

The present study was conducted in accordance with the
policies and procedures described in the Guide for the Care
and Use of Laboratory Animals of the National Institutes
of Health, and the procedures were approved by the
Institutional Animal Care and Use Committee of National
Cheng Kung University, Tainan, Taiwan. Male BALB/c
mice (3 months old), purchased from National Cheng
Kung University Animal Center (Tainan, Taiwan), were
divided into exercise groups (treadmill or wheel running)
and their corresponding control groups. Mouse chow and
water were available ad libitum. All animals were housed
in an environmentally controlled room (temperature
25 ± 1◦C; 12 h light/12 h dark cycle) in groups of four
(for treadmill study) or two (for wheel running study) per
cage. All efforts were made to minimize the number of
animals used and their suffering.

Exercise protocols

Two different types of exercise protocols were used:
mandatory treadmill running and voluntary wheel
running. In the former, a moderate and relatively
stress-free treadmill exercise running protocol was
performed (Liu et al. 2008). In brief, after 1 week treadmill
familiarization to eliminate novel and stress effects,
animals in treadmill exercise groups ran on a levelled
motor-driven treadmill (Model T510E, Diagnostic and
Research Instruments Co., Taoyuan, Taiwan) at the speed
of 10 m min−1 for 20–60 min per day, 5 days per week for
the first week, followed by 60 min per day at the same
speed, 5 days per week for the other 3 weeks. In order
to minimize the possible stress associated with treadmill
exercise, the front end of the treadmill was covered
with a dark cloth to attract the mice to run forward.
A gentle tail touch was sufficient to keep mice running
and the entire training process was carried out without
using any tail shock. The control groups were placed
on the treadmill for 10 min each day without receiving
any exercise training. For the study of voluntary wheel
running, age-matched animals in the exercise group were
placed in cages equipped with running wheels for mice
(TSE, Bad Homburg, Germany), whereas animals in the
control group were housed in cages with an immobile
control wheel for 28 days. Each cage accommodated two
mice. After exercise training, the animals were used for
different types of experiments. The first set of mice was
subjected to behavioural tests. In a second set, mice
were killed by CO2 inhalation, followed by decapitation,
at different time points (i.e. 0 and 24 h after the last
treadmill running; or immediately and 24 h after wheel
removal) to collect brain tissues for measuring protein
expression in the hippocampus and amygdala. The third
set of mice was injected with inhibitors into their BLA and
subsequently used for either behavioural tests or brain
tissue collections.

Behavioural tests

One-trial PA test. One day after the completion of
exercise running, a set of animals was subjected to PA
tests to assess their performance in aversive learning
and memory as described in our recent study (Liu
et al. 2008). In the training trial, the mouse was placed
at the far end of the illuminated compartment and
received a footshock (0.5 mA, 1 s) immediately after
entering the dark compartment. The length of time that
they stayed in the light compartment was recorded as
the pre-shock training retention latency. Twenty-four
hours later, the animal was placed into the illuminated
compartment again, and the time that they stayed in
the light compartment before stepping into the dark
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compartment was recorded as the testing retention latency.
The ceiling score was assigned as 600 s.

Morris water maze test. The spatial learning and
memory capability was evaluated by Morris water maze
in a separate set of mice. A circular plastic pool, 1.2 m
in diameter, and 0.6 m in height, was filled with water
(20 ± 2◦C) 0.5 cm above a hidden plexiglass platform
(10 cm in diameter), which was placed at a specific location
away from the edge of the pool. Mice were subjected
to four trials a session with a 10 min intertrial interval,
two sessions a day, one in the morning and the other
6 h later in the afternoon. A total of four sessions
were completed in 2 days. In each trial, animals were
allowed to find the platform within 120 s. Those who
could not find the platform within this period of time
would be guided to the platform. Animals were allowed
to stay on the platform for 30 s before the next trial.
The time each animal took to reach the platform was
recorded as the escape latency. A probe test was performed
2 days after the acquisition phase was finished. All data
were recorded and analysed by using a computerized
video-tracking system (EthoVision, Noldus, Wageningen,
The Netherlands). To rule out the effects of differential
motor activities/motivation between control and exercise
animals, the visible platform experiments were performed
following the water maze acquisition.

Immunoblotting of TrkB and Syt I

The hippocampal or amygdalar homogenate was
centrifuged at 13 000 g for 15 min at 4◦C and the
supernatant was collected. Protein concentration was
determined by Bio-Rad Protein Assay (BioRad, Hercules,
CA, USA). Sample proteins were separated on a 10%
SDS-polyacrylamide gel, transferred to a polyvinylidine
difluoride membrane, blocked by 5% non-fat milk and
incubated with primary mouse monoclonal antibody
against Syt I (SYA-130, 1:10 000, Stressgen, Victoria, BC,
Canada), or rabbit polyclonal antibody against TrkB
(anti-TrkB: sc-8316, 1:5000; Santa Cruz, CA, USA).
After being washed, the membrane was incubated with
secondary antibodies (anti-mouse IgG for synaptotagmin,
1:10 000; anti-rabbit IgG for TrkB, 1:5000; Amersham,
Buckinghamshire, UK), and the bound antibody was
detected using an enhanced chemiluminescence detection
kit (Amersham, Buckinghamshire, UK). For the gel
loading control, membranes were re-probed with a
monoclonal anti-β-actin antibody (Sigma, A5441,
1:10 000; St Louis, MO, USA). Protein levels in the exercise
groups were expressed as a percentage of respective control
values.

Measurement of BDNF and serum corticosterone
levels

The BDNF protein concentrations in the hippocampal
and amygdalar homogenates or serum corticosterone
levels were determined in duplicates using enzyme-linked
immunosorbent assay (ELISA) kits (BDNF: Promega,
Madison, WI, USA; corticosterone: Cayman, Ann Arbor,
MI, USA) following the manufacturer’s instructions.

Measurement of skeletal muscle aerobic capacity

An increase in citrate synthase activity (reflecting an
improved aerobic metabolism in mitochondria) in the
skeletal muscle is commonly used to confirm the exercise
training effect. Therefore, the citrate synthase activity in
soleus muscles was measured using a method described
previously (Jen et al. 2002). Briefly, the homogenized
muscle specimens were centrifuged at 17 000 g at 4◦C for
15 min and the supernatant was collected. After adding
dithionitrobenzoate (DTNB), acetyl CoA and oxaloacetate
to the sample, the mitochondrial citrate synthase activity
was determined spectrophotometrically by measuring the
time-dependent absorbance changes at 412 nm.

Preparation of Syt I shRNA-expressing lentivirus

The plasmids (pLKO.1-puro) containing Syt I shRNA
(5′-CAGTCTTCAATGAACAGTTTA-3′) or luciferase
shRNA (5′-CTTCGAAATGTCCGTTCGGTT-3′), which
served as a negative control (NC shRNA), were obtained
from the National RNAi Core Facility in Academia
Sinica (Taipei, Taiwan). The effectiveness of Syt I shRNA
was validated by transfecting the Syt I shRNA- or NC
shRNA-expressing plasmid into cultured mouse neuro-
blastoma (N2a) cells followed by Western blotting of
Syt I. There was about 85% inhibition of Syt I protein
expression in the Syt I shRNA-transfected cells. Lentivirus
packaging was done by transient cotransfection of the
shRNA expression plasmid, psPAX2 packaging plasmid
and pMD2G envelope plasmid into cells of the human
embryonic kidney cell line HEK293T. The medium was
collected 48 h after transfection, and the debris was cleared
by low-speed centrifugation for 5 min at 1000 r.p.m.
High-titre stocks were prepared by ultracentrifugation for
100 min at 26 000 r.p.m. The viral pellet was re-suspended
in serum-free medium and stored at −80◦C. Viral titres
were determined by the infection of HEK293T cells.
The final viral titres were ∼107 transducing units per
millilitre.
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Inhibition of BDNF pathway or Syt I expression
by microinjection of K252a or lentivirus into BLA

For BDNF pathway-blocking experiments, a set of mice
received a microinjection of K252a after the last bout
of treadmill exercise. Both control and exercised mice
were anaesthetized with an intraperitoneal injection of
a mixed anaesthetic (2 ml kg−1; final concentrations:
ketamine 40 mg ml−1, atropine 0.01 mg ml−1 and rompun
6 mg ml−1). The skull was exposed and the microinjection
was performed bilaterally at BLA (anteroposterior
−1.4 mm, dorsoventral −3.9 mm, mediolateral ± 2.9 mm
from bregma). One microlitre of either 15 μM K252a
(Calbiochem, La Jolla, CA, USA) or artificial cerebrospinal
fluid (ACSF) in 50% DMSO was injected into each side at
an infusion rate of 0.2 μl min−1 from a 29-gauge needle
attached to a 10 μl syringe. Three days after surgery, the
mice were subjected to PA tests, and the amygdalar tissues
were obtained afterward for immunoblot analyses.

For Syt I-blocking experiments, mice received a micro-
injection of lentivirus in a similar way after the first week of
treadmill running. Briefly, each side of BLA received 3 μl of
lentiviruses, which expressed Syt I shRNA or NC shRNA.
Animals in the exercise groups continued the remaining
exercise programme 3 days after the injection. At the end
of the exercise training period, mice were subjected to PA
tests, and subsequently killed to collect the amygdala for
further analysis.

Statistical analysis

Data were expressed as mean ± S.E.M., except that the PA
retention latencies were expressed as median ± quartiles.
Because the PA retention latency values were truncated at
600 s, the comparison of this parameter was performed
by using the non-parametric Mann–Whitney U test or
the Kruskal–Wallis test followed by Dunn’s multiple
comparison test whenever appropriate. ANOVA with
repeated measures was used to analyse the learning curve
of the Morris water maze. The probe test of the Morris
water maze and protein levels were analysed by unpaired
Student’s t tests or one-way ANOVA followed by Tukey’s
multiple comparison whenever appropriate. Significance
was established at P < 0.05. Sample sizes were indicated
by n.

Results

Effects of different types of exercise on skeletal
muscle aerobic capacity

Our standard treadmill exercise protocol significantly
elevated the citrate synthase activity in soleus muscles
(0.31 ± 0.01 vs. 0.26 ± 0.01 μmol min−1 (mg protein)−1

for treadmill and control, respectively, P < 0.05, n = 7),

indicating that the moderate-intensity treadmill exercise
training was effective to elevate aerobic capacity. In
contrast, voluntary wheel running did not significantly
alter this parameter (0.27 ± 0.01 vs. 0.26 ± 0.01 μmol
min−1 (mg protein)−1 for wheel running and control,
respectively, P > 0.05, n = 9). The increase in skeletal
muscle aerobic capacity was dependent on exercise
intensity, as mice trained at mild intensity (7 m min−1

instead of 10 m min−1 running speed) on the treadmill
showed unaltered citrate synthase activity (0.27 ± 0.01 vs.
0.26 ± 0.01 μmol min−1 (mg protein)−1 for exercise and
control groups, respectively, P > 0.05, n = 8).

Effects of different types of exercise on spatial
and aversive learning and memory

In this study, the spatial learning and memory was
assessed by the Morris water maze. We confirmed that
either treadmill running or voluntary wheel running for
4 weeks facilitated the spatial learning curve (Fig. 1A and
B). Moreover, the probe test results indicated that mice
trained either way spent more time in the zone with
the platform than their control groups (Fig. 1C and D).
However, their effects on aversive learning and memory, as
assessed by the PA performance, were different. Our results
showed that treadmill running, but not wheel running,
significantly increased the 24 h retention latency (Fig. 2).
Taken together, these two types of exercise training exert
similar effects on spatial learning and memory; but they
differentially affected aversive learning and memory. In
order to investigate the possible role of exercise intensity
in this regard, we also evaluated the PA performance in
mice trained with a mild-intensity of treadmill running.
Their PA performance remained the same as the control
(see Fig. S1 in the Supplemental material, available online
only).

Effects of different types of exercise on the BDNF
pathway and Syt I expression in the hippocampus
and amygdala

To examine the exercise-induced molecular changes in
the limbic system, i.e. the hippocampus and amygdala,
protein levels of BDNF and TrkB in these brain regions
were measured at 0 h and 24 h after the last episode of
exercise. Our results revealed that both treadmill and wheel
running acutely elevated the BDNF level (Fig. 3A) and
persistently upregulated the protein expression of TrkB
(Fig. 3B) in the hippocampus. However, only treadmill
exercise, but not wheel running, increased BDNF and TrkB
protein expression in the amygdala (Fig. 3C and D).

Similarly, both treadmill exercise and wheel running
significantly increased the hippocampal protein
expression of Syt I at 0 or 24 h after the last episode
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Figure 1. Effects of moderate treadmill
running or voluntary wheel running on
learning curves of Morris water maze
tests (A and B) and 48 h post-training
probe tests (C and D), respectively
Both exercise protocols improved learning
curves (∗P < 0.05, ANOVA with repeated
measures design) and memory retention times
(∗P < 0.05, unpaired Student’s t test).
n = 10–18 for each group. Abbreviations: P,
platform; O, opposite to the platform; R, right
to the platform; L, left to the platform.

of exercise (Fig. 4A). In contrast, moderate treadmill
running, but not voluntary wheel running, significantly
elevated Syt I protein levels in the amygdala (Fig. 4B).
Therefore, both exercise protocols exerted similar effects
on the hippocampus, while only treadmill running was
effective in modulating the BDNF pathway and Syt I
expression in the amygdala.

Local blockade of TrkB activity or Syt I expression
abolished the treadmill exercise-facilitated
PA performance

We then aimed to investigate the functional role of
amygdalar adaptation in the treadmill exercise-facilitated
PA performance. K252a, a TrkB kinase inhibitor, was
stereotaxically injected into BLA after the last run. This
treatment effectively eliminated the exercise-upregulated
amygdalar protein expression in TrkB and Syt I
(Fig. 5A). In addition, it also abolished the treadmill
exercise-facilitated PA testing latency without affecting the
pre-shock values (Fig. 5B and C).

In another experiment, the administration of Syt I
shRNA lentivirus into BLA effectively abolished the
exercise-increased amygdalar Syt I protein expression
(Fig. 6A). The treatment of Syt I shRNA lentivirus, but
not NC shRNA lentivirus (the negative control), abolished
treadmill exercise-enhanced PA testing latency without
affecting the pre-shock values (Fig. 6B and C). To rule
out the possible non-specific effects, we measured the
amygdalar TrkB and hippocampal Syt I; neither was

Figure 2. Effects of moderate treadmill running (A) or voluntary
wheel running (B) on 24 h testing latencies of PA performance
Data are presented as median ± quartile. It was noticed that treadmill
running, but not voluntary wheel running, increased PA testing
retention latency (∗P < 0.05, Mann–Whitney U test; n = 9–13 for
each group).
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affected by amygdalar injection of lentiviral-Syt I shRNA
(Supplemental Fig. S1).

Effects of different types of exercise on serum
corticosterone levels

The serum corticosterone levels were measured to
investigate possible roles of stress in the differential
exercise effects on aversive learning and memory. Our
results demonstrated that (i) the basal corticosterone
levels were the same in the control groups of either
exercise protocol; (ii) treadmill running, but not wheel
running, significantly increased serum corticosterone level
immediately after the last episode of exercise; and (iii)
the treadmill exercise-induced corticosterone change was
transient, i.e. it returned to the resting level 24 h after
exercise (Fig. 7).

Discussion

Our results suggest that different types of exercise
modulate neural plasticity-related proteins in various
associated brain regions, which subsequently have
diverse effects on different learning and memory
capabilities. The current consensus that exercise improves
rodent learning and memory is largely based on two
modes of exercise regimens, i.e. forced exercise (such

Figure 3. Effects of moderate treadmill
running or voluntary wheel running on
BDNF protein concentrations and TrkB
expression in the hippocampus and the
amygdala
Results showed that both types of exercise
transiently elevated hippocampal BDNF
levels (A) and persistently increased TrkB
protein expression (B). However, only
treadmill running significantly increased
BDNF (C) and TrkB (D) in the amygdala.
∗P < 0.05 (compared to the control; ANOVA
followed by Tukey’s post hoc test, n = 6–9).
Abbreviations: C, control; 0 h, immediately
after the last run of exercise; 24 h, 24 h after
the last run.

as treadmill running or motorized wheel running)
and voluntary exercise (for instance, spontaneous
wheel running). In the present study, we found
that (1) moderate treadmill exercise and voluntary
wheel running differentially affected amygdala-associated
aversive learning and memory, although they had similar
effects on the hippocampus-dependent spatial learning
and memory; (2) these two exercise protocols upregulated
the BDNF–TrkB pathway and Syt I in the hippocampus,
whereas only treadmill exercise elevated the expression of
these molecules in the amygdala; and (3) local blocking of
TrkB activation or Syt I expression in BLA abolished the
moderate treadmill exercise-facilitated PA performance.
Generally speaking, hippocampus plays a dominant role
in the performance of the Morris water maze, while
both hippocampus and amygdala are important in the
PA task. The current study shows that treadmill exercise
affects not only the hippocampus but also the amygdala,
whereas wheel running only affects the hippocampus.
This viewpoint also explains why wheel running improves
contextual learning (a hippocampus-associated task) but
not cued fear learning (an amygdala-related task) (Baruch
et al. 2004).

Exercise has broad beneficial effects on the brain.
Many central and peripheral growth factors, such as
BDNF, IGF-1 and VEGF, are involved in the underlying
mechanisms (for a review, see Ang & Gomez-Pinilla,
2007; Cotman et al. 2007). Among them, BDNF is one
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of the principal neurotrophic factors. Previous studies
have demonstrated that the hippocampal BDNF–TrkB
signal pathway is involved in learning and memory
(Ma et al. 1998; Mu et al. 1999; Minichiello et al.
1999; Koponen et al. 2004), and that exercise improves
spatial learning and memory via upregulating these
molecules in the hippocampus (Vaynman et al. 2004;
Huang et al. 2006). The current studies also showed
that treadmill exercise facilitates PA performance and
enhances BDNF–TrkB signalling in the hippocampus
(Fig. 3A and B). As the activity-dependent upregulation of
the BDNF–TrkB pathway in amygdala plays an important
role during the consolidation of fear memory (Ou & Gean,
2007), and the inhibition of TrkB in BLA impairs fear
memory in rats (Rattiner et al. 2004), it is likely that

Figure 4. Effects of moderate treadmill running or voluntary
wheel running on the protein levels of Syt I in the hippocampus
or in the amygdala
Both exercise protocols significantly enhanced hippocampal Syt I
protein levels (A), but only treadmill exercise increased amygdalar Syt I
protein expression (B). ∗P < 0.05 (compared to the control; ANOVA
followed by Tukey’s post hoc test, n = 8–9).

the BDNF signalling in the amygdala is also involved in
the treadmill exercise-facilitated PA performance. Indeed,
treadmill exercise increased not only the hippocampal
but also the amygdalar BDNF signalling (Fig. 3C and D).

Figure 5. Effects of TrkB kinase blockage on the protein
expression of amygdalar TrkB and Syt I (A), and on the
pre-shock latencies (B) and 24 h testing latencies (C) of PA
performance
Data of TrkB and Syt I were expressed as mean ± S.E.M., and were
analysed by ANOVA followed by Tukey’s post hoc test. In contrast,
data of PA tests were presented as median ± quartile, and were
analysed by Kruskal–Wallis test followed by Dunn’s multiple
comparison test. Results indicated that TrkB kinase blockage by K252a
abolished treadmill exercise-enhanced PA testing latencies and
amygdalar TrkB/Syt I expression. ∗P < 0.05 (E vs. C), #P < 0.05
(E-K252a vs. E-ACSF). n = 8. Abbreviations: ACSF, artificial CSF; C,
control; E, exercise.

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



3228 Y.-F. Liu and others J Physiol 587.13

Figure 6. Effects of Syt I lentiviral shRNA treatment on the
protein expression of amygdalar Syt I (A), and on the pre-shock
latencies (B) and 24 h-testing latencies (C) of PA performance
Data presentation and analyses were the same as in Fig. 5. Results
showed that Syt I shRNA abolished treadmill exercise-increased PA
testing latencies and amygdalar Syt I expression. ∗P < 0.05 (E vs. C),
#P < 0.05 (Syt I shRNA vs. NC shRNA). n = 9. Abbreviations: C,
control; E, exercise.

Furthermore, these exercise effects could be abolished by
the local administration of K252a, a TrkB inhibitor, in
the BLA (Fig. 5). In contrast, wheel running, which did
not affect PA performance, did not change the amygdalar
BDNF–TrkB pathway either. Therefore, the upregulation
of BDNF signalling in the amygdala plays an important
role in treadmill exercise-facilitated aversive learning and
memory.

It has been reported recently that Syt I is required
in synaptic vesicle aggregation during nascent synapse
formation (Gardzinski et al. 2007). This would explain
why higher Syt I levels in the limbic system can improve
learning and memory. The current study suggested that the
treadmill exercise upregulated Syt I in the amygdala and
thus enhanced aversive learning and memory. Treadmill
exercise, but not voluntary wheel running, facilitated PA
performance and elevated amygdalar Syt I protein levels
(Figs 2 and 4). In addition, these effects were abolished
by Syt I shRNA treatment in BLA (Fig. 6). Previous
studies have reported that contextual fear conditioning
and inhibitory avoidance learning are impaired in
Syt IV knockout mice (Ferguson et al. 2000, 2004).
Consistent with our findings, both Syt 5 and Syt 11
genes in rat hippocampus are upregulated after voluntary
wheel running (Tong et al. 2001; Molteni et al. 2002).
These results suggest that the Syt I-associated neural
transmission in both hippocampus and amygdala is crucial
for the formation of aversive learning and memory.

Both BDNF and Syt are upregulated by exercise,
and are involved in exercise-enhanced performance in
learning and memory tasks. BDNF has been shown
to increase transmitter release probability and the size
of a rapidly recycling vesicle pool in hippocampal

Figure 7. Effects of moderate treadmill running or voluntary
wheel running on serum corticosterone levels
The serum corticosterone level was elevated immediately after
treadmill exercise and returned to the resting level thereafter.
Voluntary wheel running did not significantly alter this parameter.
∗P < 0.05 (compared to the control; ANOVA followed by Tukey’s post
hoc test, n = 6–8).

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.13 Treadmill running and wheel running affect aversive memory differently 3229

excitatory synapses (Tyler et al. 2006). Moreover,
BDNF can modulate the expression of vesicle fusion
proteins; it upregulates several v-SNARE affiliates,
such as Syt, synaptophysin and synaptobrevin, without
affecting SNAP-25, syntaxin or synapsin-I (Tartaglia
et al. 2001). Interestingly, the increase in Syt levels
(5-fold) was more pronounced than that in synaptophysin
and synaptobrevin (2-fold). Thus, we postulate that
exercise enhances the BDNF–TrkB signalling pathway
which subsequently activates the protein synthesis of
v-SNARE affiliates, particularly the Syt, to modulate
synaptic plasticity. This proposition is supported by
our findings that blockade of BDNF–TrkB signalling
by K252a abolished treadmill exercise-upregulated Syt
and PA performance. It remains to be clarified
whether other v-SNARE affiliates also participate in the
exercise-improved learning and memory.

Treadmill running and voluntary wheel running
apparently have distinctive impacts on brain functions.
The exercise-associated stress level or pattern could be
an underlying modulating factor for their differential
effects on brain functions. Although severe stress is
known to suppress the hippocampal BDNF expression
(Smith et al. 1995), mild stress can enhance the cognitive
function (Parker et al. 2005). In our view, repeated
mild stresses, such as those encountered in our treadmill
exercise protocol, may be necessary to alter the amygdala
in a favourable way for aversive learning and memory.
The treadmill exercise used in the current study not
only improved the muscle aerobic capacity but also
transiently increased serum corticosterone level, while
wheel running did not alter these physiological
parameters. It has been reported that low and high
doses of corticosterone exert differential effects on BDNF
and TrkB mRNA levels in the hippocampus (Schaaf
et al. 1997). Besides, prolonged immobilization stress
can enhance the synaptic connectivity in the amygdala
(Vyas et al. 2006). The repeated mild stresses associated
with treadmill exercise running could potentially increase
dendritic branches and spines in amygdala and thus
improve PA performance. It is worthy to note that
excessive stress, such as prolonged immobilization or
forced running at high speeds with tail shock, may exert
inhibitory effects. Indeed, our previous study has shown
that treadmill exercise at moderate intensity in rats acutely
upregulates hippocampal BDNF expression, while high
intensity of treadmill running without familiarization
has the opposite effect, similar to the stress effects of
immobilization or water exposure (Huang et al. 2006). In
comparison, chronic voluntary physical activity attenuates
neural responses to stress in brain circuits responsible
for regulating peripheral sympathetic activity (Dishman
et al. 2006). Interestingly, an enriched environment
increases neurogenesis and spatial memory (Kempermann
et al. 1997; Williams et al. 2001) without affecting the

PA performance (Iso et al. 2007). Thus, the effect of
voluntary wheel running resembles that of environmental
enrichment. This may partially explain the differential
effects of two exercise protocols on aversive learning and
memory.

It is also likely that exercise facilitates aversive learning
and memory in an intensity-dependent manner. A
previous study has reported that the hypothalamus
responds to running in a threshold-like pattern (Soya
et al. 2007a). Different exercise intensities between
treadmill exercise and wheel running may activate
the hypothalamus–pituitary gland–adrenal gland axis to
various extents. Although the total running distance in
wheel-running groups (4.4–5.2 km in 12 h, intermittent
running) was much greater than that in treadmill groups
(600 m in 1 h at a running speed of 10 m min−1), the
exercise intensity in the former was lower than that in the
latter. This was supported by the results of citrate synthase
activities. Moreover, treadmill exercise with mild intensity
(420 m in 1 h at a running speed of 7 m min−1) did not
affect either citrate synthase activity or PA performance
(Supplemental Fig. S2), implying that exercise facilitates
aversive learning and memory in a threshold-like pattern.

In conclusion, our results demonstrate that in mice,
only moderate treadmill exercise improves aversive
memory, although both treadmill exercise and wheel
running can improve spatial learning and memory. The
differential effects may be due to various impacts on
the BDNF–TrkB–Syt pathway in the amygdala, a fear
memory-associated brain region.
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